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ABSTRACT
The presence of non-conserved peripheral elements
in all naturally occurring group I introns underline
their importance in ensuring the natural intron func-
tion. Recently, we reported that some peripheral
elements are conserved in group I introns of IE sub-
group. Using self-splicing activity as a readout, our
initial screening revealed that one such conserved
peripheral elements, P2.1, is mainly required to fold
the catalytically active structure of the Candida
ribozyme, an IE intron. Unexpectedly, the essential
function of P2.1 resides in a sequence-conserved
short stem of P2.1 but not in a long-range interaction
associated with the loop of P2.1 that stabilizes the
ribozyme structure. The P2.1 stem is indispensable
in folding the compact ribozyme core, most probably
by forming a triple helical interaction with two core
helices, P3 and P6. Surprisingly, although the
ribozyme lacking the P2.1 stem renders a loosely
folded core and the loss of self-splicing activity
requires two consecutive transesterifications, the
mutant ribozyme efficiently catalyzes the first trans-
esterification reaction.These resultssuggest thatthe
intron self-splicing demands much more ordered
structure than does one independent transesterifica-
tion, highlighting that the universally present periph-
eral elements achieve their functional importance by
enablingthehighlyorderedstructurethroughdiverse
tertiary interactions.
INTRODUCTION
The fundamental roles of ribozymes in processing various
RNA molecules have been appreciated in the past two decades
(1–4). It has been realized only recently that RNA molecules
are active players in synthesizing polypeptides and probably
pre-mRNA splicing in all the living organisms and the eukary-
otes, respectively (5,6). RNA catalyzing self-cleavage also
controls gene expression by responding to natural metabolites
in microorganisms (7) and by promoting RNA polymerase II
termination in mammalian cells (8). Therefore, understanding
how functional RNAs achieve the active structure becomes
increasingly important. As the ﬁrst discovered class of cat-
alytic RNA, group I introns have fundamentally contributed to
the current understanding of RNA structure, folding and
function (9–13).
Mostnaturally occurringribozymes catalyze aself-cleavage
reaction through hydrolysis, while group I and group II
introns catalyze the self-splicing reactions through two con-
secutivetransesteriﬁcations(1–4).Consistentwiththatmecha-
nism, the self-splicing reaction requires a more complicated
ribozyme structure and the self-splicing ribozymes are much
larger than the self-cleaving ribozymes (2,11). Although the
crystal structures of a number of self-cleaving ribozymes and
group I introns have been resolved (14–20), the fundamental
structure required for catalysis of the two consecutive trans-
esteriﬁcation reactions has not yet been clearly identiﬁed.
In addition to the self-splicing reaction that group I introns
naturally catalyze, various other reactions have been devel-
oped to reﬂect the activity of group I introns, where most
of them undergo only a one-step transesteriﬁcation or hydro-
lysis (21–24). Nevertheless, it is unclear yet if the group I
ribozyme folds to the same structure to catalyze those different
reactions.
Group I introns are characterized by a conserved core struc-
turethatisformedbythe assembly oftheP4–P6andthe P3–P9
domains (16,25). Appendant to the core structure, all group I
introns contain at least one variable paired region peripheral to
the conserved core, termed the peripheral element that signiﬁ-
cantly enlarges the size of group I introns (25). The universal
presence of peripheral elements underscores their importance
in the natural function of group I introns. Interestingly, dele-
tion of any of the peripheral elements of the Tetrahymena
intron generally reduces but does not eliminate self-splicing
in vitro (22,26). Our study of the Candida ribozyme, a group I
intron belonging to IE subgroup (27), revealed a very different
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leading us towonder howthe uniqueset ofperipheralelements
of each intron modulates intron folding and activity per se
(28,29). Our recent identiﬁcation of the phylogenetically con-
served peripheral elements in group I introns belonging to
IE subgroup suggests the necessity of these structural elements
inenablingthe intronstructurerequiredforthe naturalsplicing
activity of these introns (30).
AfterthecrystalstructuresofanumberofgroupIribozymes
have been resolved and our understanding of the ribozyme
folding and catalysis has been greatly enriched, exploring the
function of the highly variable and abundant peripheral ele-
ments should be valuable to fully appreciate the structure
responsible for the biological activity of those self-splicing
introns.
Comparative sequence analysis of a large number of
group I introns and the experimental study of the Tetrahymena
intron reveal that many peripheral elements are capable of
stabilizing the intron tertiary structure via long-range loop–
loop or loop–receptor interactions, enabling the maximal
ribozyme activity in the presence of low magnesium concen-
trations (11,22,26,31,32). Recent studies have showed that the
interaction between the peripheral loops I and II of the ham-
merhead ribozyme is essential for the self-cleavage activity
under low magnesium concentrations, as well as for the intra-
cellular activity (33,34), suggesting that the peripheral inter-
actions could be essential in forming the catalytic core in
living cells.
The importance of the peripheral elements conserved
among IE introns, including P2, P2.1, P9.1 and P9.2, in the
folding of the native structure of these group I ribozymes was
assessed in this study by using the Candida group I ribozyme
as a model. Co-transcriptional self-splicing activity was used
to reﬂect the importance of these peripheral elements in sup-
porting the native ribozyme structure required for the intron
self-splicing, a natural activity of a group I intron. It is not
surprising that deletion of any of these conserved elements
resulted in the reduced self-splicing activity, while the reduced
extent greatly varied among these elements. However, it came
as a big surprise that the deletion of P2.1 completely elimi-
nated the intron self-splicing activity that could not be com-
pensated even by high concentration of magnesium. Structural
and functional analysis showed that a sequence-conserved
short stem of P2.1 plays an unexpectedly important role in
organizing the compact tertiary structure of the Candida
ribozyme through helical interactions with both P3 and P6.
The mutant ribozyme lacking the short P2.1 stem assumes the
loosely folded structure(s) that is (are) only capable of catalyz-
inga one-step transesteriﬁcation reaction. These ﬁndingshigh-
light that a highly ordered ribozyme structure is required
to catalyze intron self-splicing, and the peripheral elements
could acquire an essential function through organizing such a
compact structure.
MATERIALS AND METHODS
RNA preparation
Precursor RNA and trans-acting ribozyme for the wild-type
intron were transcribed from the genomic DNA of Candida
albicans (28) and those for the mutant introns were from
the corresponding plasmid constructs. All the trans-acting
ribozymes lack the ﬁrst 11 nt at the 50 end of the intron
and cleave the substrate RNA Ca/sub-11 supplied in trans
(28). PCR-directed mutagenesis was used to introduce dele-
tion or point mutations to the introns (35). Flanking exons of
129 and 100ntupstream and downstream of the intron, respec-
tively, were included in each construct. DNA sequencing
analysis was performed to conﬁrm each mutation. RNA con-
centrations were determined by measuring the ultraviolet
absorbance at 260 nm.
Precursor RNA for self-splicing was randomly labeled
by the incorporation of [a-
32P]GTP (3000 Ci/mmol;
PerkinElmer, Boston, MA) during in vitro transcription
(36). Ribozyme RNA for the footprinting experiments was
labeled at the 50 end by the incorporation of [g-
32P]ATP
(3000 Ci/mmol; PerkinElmer) (28). RNA oligonucleotide
Ca/sub-11 and the P2.1 RNA were synthesized by Dharmacon
Research, Inc. (Lafayette) and labeled at the 50 end as
described previously (28).
Analysis of the activity of pure ribozymes
Self-splicing of the labeled precursor RNA was performed at
37 C for 20 min in 10 ml reaction under standard conditions,
except as otherwise indicated (29). The substrate cleavage
activity of the trans-acting ribozymes was measured as
described previously (28).
Co-transcriptional splicing of the precursor RNA
PCR-ampliﬁed DNA containing the wild-type or mutant
introns and adjacent exons was transcribed in the standard
transcription reaction (36) except that 0.02 mCi of [a-
32P]-
GTP (3000 Ci/mmol; PerkinElmer) was included in each reac-
tion. Co-transcriptional splicing was run for 20 min and
fractionated on a 5% PAGE–8 M urea gel and was then
exposed against X-ray ﬁlms.
Footprinting analysis of the ribozyme structure
The 50 end labeled trans-acting ribozymes were cleaved by
ribonuclease T1 or hydroxyl radical to probe the ribozyme
folding. T1 footprinting was performed as described previ-
ously (28). Hydroxyl radical footprinting experiment was per-
formed under similar conditions to T1 footprinting as reported
previously (37). The 50 end labeled RNA ( 20 ng) in 4 mlo f
10 mM sodium cacodylate (pH 7) and 0.1 mM EDTA was
denatured at 95 C for 1 min, annealed at 37 C for 1 min and
then chilled on ice. Each sample was then allowed to fold at
37 C for 5 min after the addition of 1 mlo f5 · folding buffer
containing 85 mM sodium cacodylate and the desired concen-
trations of MgCl2. Cleavage was initiated by adding 6 mlo f
hydroxyl radical solution using a 12-channel pipette. The
hydroxyl radical solution contains equal volumes of 15 mM
(NH4)Fe(SO4)2, 25 mM EDTA, 45 mM sodium ascorbate and
0.3% H2O2 that were mixed 30–45 s before the cleavage. The
OH-dependent RNA cleavage was allowed to proceed for 40 s
and then quenched by adding 10 ml of 40 mM thiourea. RNA
samples were then precipitated with 0.1 vol of 3 M sodium
acetate (pH 5.4), 10 mg of tRNA and 2.5 vol of pure ethanol.
The RNA pellets were dissolved in RNA sequence loading
buffer for further analysis.
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Varying concentrations of the puriﬁed ribozymes were dena-
tured at 95 C for 1 min in 10 mM Tris–HCl (pH 7.5) and were
then incubated with 2 nM of the radiolabeled P2.1 RNA at
37 C for 30 min in the presence of 50 mM Tris–HCl (pH 7.5)
and10mMMgCl2.Allsampleswerethenchilledoniceandan
equal volume of the loading dye containing 30% glycerol was
added, which was followed by electrophoresis on 5% native
polyacrylamide gels in 1· running buffer (50 mM Tris–HCl,
30 mM borate, 0.1 mM EDTA, pH 8.0 and 10 mM MgCl2)a t
 10 V/cm for  1ha t4  C.
In this study, gels were exposed to phosphor screens that
werescannedandanalyzedusingTyphoon9200variablescan-
ner (Amersham Pharmacia Biotech) to obtain the quantitative
data. All data were plotted using the GraphPad Prism 4.0
program (www.graphpad.com).
RESULTS
Deletion of the peripheral element P2.1 eliminates the
intron self-splicing activity that is not compensated
by high concentrations of Mg
2+
We attempted to study how each of the four peripheral
elements conserved in IE introns inﬂuences folding of the
Candida group I intron using co-transcriptional intron self-
splicing as a readout. Mutant introns with each of these ele-
ments being deleted were constructed. Two additional deletion
mutants lacking a non-conserved peripheral element P5abc or
a peripheral element P9 conserved among all group I introns
were included in the assay as controls. Splicing activity of
mutant introns during transcription of the corresponding pre-
cursors was monitored by the levels of spliced intron and
ligated exon (Figure 1A and data not shown). The splicing
capability signiﬁcantly differs among the mutant introns,
ranking as WT >D P5abc >D P9   DP9.2 >D P2 >D P9.1 >
DP2.1 (see Figure 2A for a summary of the nomenclature of
the structural elements of the intron and the sequences of the
mutants). Consistent with that the conserved peripheral ele-
ments play more important roles than the non-conserved ones
in supporting the native fold required for the self-splicing
activity of an IE intron, deletion of each of the conserved
peripheral elements, including P2, P2.1, P9.1 and P9.2, ren-
dered the Candida ribozyme a signiﬁcantly lower splicing
activity than did the non-conserved P5abc. It is noteworthy
that the intron self-splicing activity of the mutant intron (DP9)
lacking the P9 element conserved among all group I intron
only resulted in a moderate impaired splicing activity, which
could be explained as the importance of this highly conserved
element is not reﬂected at our assay condition (Figure 1A).
We were particularly interested in studying the peripheral
elements critical for the folding of the Candida ribozyme to
the active structure required for intron self-splicing. P2.1 and
P9.1 were the best candidates because their deletion fully
or near fully compromised the splicing activity in the
co-transcriptional assay. Peripheral elements are known to
facilitate ribozyme activity through establishing tertiary inter-
actions that stabilize the ribozyme structure; such a function is
usually replaceable by high concentrations of magnesium
(26,31–34). We studied if magnesium compensates for the
loss of P2.1 and P9.1 structures. The puriﬁed RNA precursors
containing the wild-type intron (Pre-WT) or the mutant introns
(Pre-D2.1 and Pre-D9.1) were self-spliced at the same condi-
tions. Self-splicing of the wild-type intron reached the half-
maximal splicing at 1 mM Mg
2+, and the optimal splicing was
usually observed at 1.5–2.5 mM Mg
2+ (Figure 1B and data not
shown). Although Pre-D9.1 did not self-splice at low Mg
2+
concentrations, it splicedwell atMg
2+ concentrations >8 mM,
indicating that P9.1 primarily functions in stabilizing the
ribozyme structure (Figure 1B). However, increase in Mg
2+
up to 50 mM neither produced spliced intron nor ligated exons
Figure 1. Self-splicing of the precursor RNA. (A) Co-transcriptional self-
splicing of the wild-type and mutant introns lacking P2 (DP2, deletion of
A21-U71), P2.1 (DP2.1, deletion of G73-C110), P5abc (DP5abc, A139-
A188 replaced by GAAA), P9 (DP9, deletion of C299-G317), P9.1 (DP9.1,
deletion of G319-C344), P9.2 (DP9.2, deletion of A346-U369) and L2.1
(DL2.1, G86-G99 replaced by GAAA). (B) Self-splicing of the gel-purified
precursor RNAs. Pre-WT, Pre-DP2.1, Pre-DP9.1 and Pre-DL2.1 indicate pre-
cursors containing wild-type intron or corresponding mutant introns. These
precursor RNAs were transcribed and gel-purified in vitro, and then subjected
to a self-splicing reaction in the presence of the indicated concentrations of
magnesium. The reaction was quenched by the EDTA-containing loading
buffer and was analyzed on 5% PAGE-8M Urea gels. The band intensity on
the PAGE gels was analyzed and plotted as described previously (29).
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P2.1 is absolutely required for self-splicing of the Candida
intron through a function not replaceable by magnesium.
These results could readily be interpreted as that, even in
the presence of high concentration of magnesium, the P2.1
deletion leads to RNAs without native fold required for intron
self-splicing.
High concentrations of Mg
2+ compensate for the P2.1
function in enabling a one-step transesterification
reaction
Self-splicing of group I introns consists of two consecutive
transesteriﬁcation reactions. We determined whether P2.1 is
essential for a trans-cleavage reaction requiring only one
transesteriﬁcation. Figure 3 shows that no trans-cleavage
activity is observed for the ribozyme lacking P2.1 (E
DP2.1)
at physiological concentrations of Mg
2+. However, unlike
the self-splicing reaction, high concentrations of Mg
2+ efﬁ-
ciently compensated for the loss of P2.1 in the trans-cleavage
reaction. EDP2.1 requires >16-fold more Mg
2+ than that of EWT
to reach the half-maximal cleavage. Gel retardation experi-
ments showed that the apparent Kd for the substrate binding by
E
DP2.1 and E
WT were 5.495 and 3.465 nM, respectively (data
not shown), excluding the possibility that the recovered trans-
acting activity of EDP2.1 is due to an increased afﬁnity of
substrate binding. Therefore, it is more probable that, at
high concentrations of magnesium, E
DP2.1 folds to an active
Figure 2. StructuresoftheCandidaribozyme.(A)Thesecondarystructurewiththefootprintingdatabeinglabeled.ThirteenpairedregionsweredenotedP1toP9.0.
The P13 stem formed by long-range pairing of L2.1 and L9.1 is shown in the lower left inset. The conserved elements are numbered in black and the peripheral
elementsarenumberedingreen.ThelocalstructuresofthemajordeletionmutantsinP2.1andP9.1areinsetintheupperleft.Inthefoldedstructureofthewild-type
ribozyme,thebackboneregionprotectedfromFe(II)–EDTAhydroxylradicalcleavageareshadedinblue;guanosineresiduesprotectedfromRNaseT1cleavageare
inredfont.Inthepresenceof50–100mMmagnesium,thebackboneregionofthemutantribozymeE
DP2.1demonstratingprotectionfromhydroxylradicalcleavage
footprintingisboxedbypurplelines,andnucleotidesthatbecomemoreaccessibletoT1thanthewild-typeribozymearelabeledbyredasterisks.Representativegels
of the footprinting results are shown in Supplementary Figures 2 and 3, which are published as supporting information available at Nucleic Acids Research Online.
The schematic tertiary structures of the wild-type ribozyme (B) and mutant ribozyme E
DP2.1 (C) are shown. P1 is not included in these 3D structures.
Nucleic Acids Research, 2005, Vol. 33, No. 14 4605structure that supports the one-step but not two consecutive
transesteriﬁcation reactions.
The peripheral elements P2–2.1 and P5abc of the Tetrahy-
mena ribozyme could act as trans-activators in restoring the
ribozyme activity of mutants lacking these elements at low
magnesium concentration (38,39). However, the presence of a
large excess of P2.1 RNA (15 mM) in trans only slightly
reduced the Mg
2+ requirement for the trans-acting activity of
E
DP2.1 (75 nM) but did not restore the self-splicing activity of
the Candida ribozyme even in the presence of up to 100 mM
Mg
2+ (data not shown). These results suggest that the P2.1
element of the Candida ribozyme primarily acts in cis to
promote the native ribozyme fold required for the intron
self-splicing, which signiﬁcantly differs from that of the
Tetrahymena ribozyme.
The long-range base paired P13 stabilizes the ribozyme
structure and enables the ribozyme activity under
physiological Mg
2+ concentrations
We, then, started to dissect the roles of each structural motif of
P2.1 in the folding of the catalytically active ribozyme. The
terminal loop of P2.1 was ﬁrst examined because both
sequence analysis and T1 digestion predict the P13 helix
formed by base pairing of this loop and the loop of P9.1
(Figure 2A). This long-range interaction was ﬁrst identiﬁed
in some group I introns belonging to IC1 subgroup (31) and
has been demonstrated that it is highly conserved in IE introns
(30). Gel retardation experiments were carried out to examine
if the P2.1 RNA speciﬁcally binds to the P9.1 structure of the
intron. The mutant ribozymes, E
DP2.1 and E
DP2.1DP9.1, were
incubated with the labeled P2.1 RNA for 20 min, allowing
the binding to reach equilibrium. The P2.1 RNA bound to the
mutant ribozyme EDP2.1 efﬁciently in a single-site binding
mode with a Kd of 374.3 nM, consistent with a model that
the binding results from stable base pairing between the free
P2.1 RNA and the ribozyme P9.1 stem. The mutant lacking
P9.1 (E
DP2.1DP9.1) lost the ability to bind the P2.1 RNA
(Supplementary Figure 1, available at Nucleic Acids Research
Online).
To study the function of the P13 structure, a mutant
ribozyme E
DL2.1 in which the P13 base pairing is disrupted
by replacing the L2.1 sequence by a GAAA tetraloop was
constructed (Figure 2A). In the presence of increasing con-
centrations of magnesium, T1 ribonuclease and Fe(II)–EDTA
hydroxyl radical were used to monitor the tertiary interactions
including long-range base pairing and helical–helical contacts
(28,29,37). As shown in Figure 4, Supplementary Figure 2 and
Supplementary Table 1, available at Nucleic Acids Research
Online,the guanosine residuesinvolved inthe formationofthe
tertiary structure of the wild-type ribozyme were protected
from T1 cleavage. For example, signiﬁcant protections were
observed at G95, 97–99 in L2.1 forming the P13 helix, at
G121–122 in J3/4 forming a base triple and at G256–257 in
P30 forming the P3 helix. When the P13 base pairing was
abolished, higher concentrations of Mg
2+ were required to
reach the compact ribozyme structure that confers resistance
to T1 cleavage, suggesting that the P13 structure stabilizes the
ribozyme tertiary structure.
Hydroxyl radical (OH) attacks the C40 position of the sugar
resulting in ribose decomposition and phosphodiester cleav-
age; thus it is a useful probe to study RNA tertiary structure,
especially the helical–helical contacts in a folded RNA (37).
We showed that Mg
2+ cooperatively protected a number of
helical regions of the Candida ribozyme from hydroxyl radical
cleavage, reﬂecting global tertiary folding of the ribozyme
(Figure 4, Supplementary Figure 3 and Supplementary
Table 2, available at Nucleic Acids Research Online). The
tertiary base pairing detected by T1 cleavage and the tertiary
structure detected by hydroxyl radical cleavage were consis-
tent with each other (Figure 2), validating the reliability of
both methods in studying the ribozyme tertiary structure. Con-
sistent with a model that the P13 base pairing stabilizes the
ribozyme tertiary structure, the mutant ribozyme E
DL2.1
requires much higher concentrations of magnesium to protect
the helices than does the wild-type ribozyme (Figure 4,
Supplementary Figure 3 and Supplementary Table 2, available
at Nucleic Acids Research Online).
We then addressed how P13 affects the ribozyme activity.
The mutant ribozyme E
DL2.1 catalyzing the trans-cleavage
reaction and its precursor Pre-DL2.1 catalyzing the self-
splicing reaction were not active at low magnesium concen-
trations (Figure 4). Similar higher Mg
2+ concentrations were
required to recover both the activity of the mutant ribozyme
lacking a P13 structure as that required for stabilizing its
tertiary structure. On the other hand, the mutant ribozyme
activity reached the levels of the wild-type at higher Mg
2+
concentrations. We, therefore, conclude that the P13 tertiary
base pairing enables the ribozyme activity under the physio-
logical magnesium concentrations mainly through the stabil-
ization of the ribozyme tertiary structure.
The essential function of P2.1 is localized to the
sequence-conserved short stem
Owing to the essential role that P2.1 plays in the folding of the
Candida intron into the structure required for intron self-
splicing is not associated with the terminal loop that forms
the P13 tertiary base pairing, we predicted that the P2.1 stem
Figure 3. Magnesium-dependent trans-cleavage activity of the Candida ribo-
zymes. Trans-cleavage activity of the wild-type (E
WT) and mutant ribozyme
lacking P2.1 (E
DP2.1) was studied as described previously (28). The fraction of
thecleavedproducts(fp)versustimewasfittedtof p ¼ f max 1 ekobs·t 
toobtain
kobsforeachmagnesiumconcentration.Thenkobsversus[Mg
2+]wasfittedtothe
equation kobs ¼ kmax·½Mg2þ 
n=ðMgn
1=2½Mg2þ 
nÞ to represent the magnesium-
dependent activity of the ribozymes. Calculations yield n   2.73, Mg1/2  
2.36 mM for E
WT, and n   4.16, Mg1/2   39.28 mM for E
DP2.1.
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and constructed a mutant ribozyme E
DL2.1&stem2 that contains
the 4 bp stem1 and a GAAA tetraloop (Figure 2A).
E
DL2.1&stem2 demonstrated a normal self-splicing activity dur-
ing transcription (Table 1), suggesting that this 4 bp stem is
sufﬁcient to promote the native intron fold essential for the
self-splicingactivity.Thesecondtothefourthpairsofthis4bp
stem were individually deleted, and the resulted ribozymes
were subjected to the co-transcriptional self-splicing analysis.
Interestingly, deletion of the second U G pair abolished the
ribozyme self-splicing activity during transcription, while
deletion of neither of the other two individual deletions sig-
niﬁcantly impaired the ribozyme self-splicing activity
(Table 1), reducing the essential P2.1 stem promoting the
ribozyme native fold to 3 bp. The second U G pair might
exert the critical role through tertiary contacts with some
structures of the ribozyme. The importance of the J2.1/3 in
the folding of the Candida ribozyme to the native structure
required for intron self-splicing was also studied, demonstrat-
ing that the length of the junction but not the base identity is
essential for the native ribozyme fold. This was evident from
the persistence of the self-splicing activity when J2.1/3 resi-
dues G111 and A112 were singly deleted or singly or both
mutated, but loss of activity when both were deleted (Table 1).
The Candida group I intron belongs to the IE subgroup (27),
which constitutes nearly 20% of the group I introns annotated
to a known subgroup (www.rna.icmb.utexas.edu). Our com-
parative analysis of 211 group I introns in IE subgroup pro-
duced high-quality alignments (30). Analysis of the core
sequence variation divides IE introns into three distinct
minor subgroups, IE1 through IE3. The alignments showed
that all the IE1 and IE2 introns display essentially the same
Figure4.Mg
2+-dependentfoldingandcatalyticactivityofthewild-typeandmutantribozymelackingL2.1(E
DL2.1).Self-splicingdatawasfromFigure1Bwithonly
thedataatMg
2+ < 7and6mMforthewild-typeandmutantribozymeE
DL2.1,respectively,beingplotted.HigherMg2
+concentrationsinhibitedself-splicingactivity
andwerenotplotted.CleavageofCa/sub-11(50nM)by thetrans-actingribozymes(10nM)wasrununderthestandardconditionfor3min. Foractivityassays,the
fraction of native RNA (fN) was determined as the fraction of the products of self-splicing or trans-cleavage reactions; the ribozyme structure under the Mg
2+
concentrationyieldingmaximalactivitywasassumedtobecompletelyfolded.Mg
2+-dependentfoldingofribozymeswasassayedbybothRNaseT1footprintingand
hydroxylradicalfootprintingthatwereprocessedunderthesimilarconditions.RepresentativegelsareshowninSupplementaryFigures2and3,whicharepublished
assupportinginformation availableat NucleicAcidsResearchOnline.The fraction folded(fN) wasnormalizedby takingthe observedintensitiesat0 mMMgCl2 in
E
DP2.1asunfoldedandat50mMMgCl2inE
WTascompletelyfolded.Thebandintensitychangeateachreadableregion/sitewasquantifiedandanalyzed;theresults
are shown in Supplementary Tables 1 and 2, which are published as supporting information available at Nucleic Acids Research Online. T1 footprinting result at
G121-122ofJ3/4andhydroxylradicalfootprintingresultatG111-A116wereplottedandshownhere.ThefractionofnativeRNAorfolded(fN) versus[Mg
2+] was
fitted to the Hill equation f N ¼ f max½Mg2þ 
n=ðMgn
1=2 þ½ Mg2þ 
nÞ. Different symbols are used to indicate self-splicing activity (square), trans-cleavage activity
(circle), T1 cleavage (triangle) and hydroxyl radical cleavage (diamond). The Hill coefficient (n) and half-maximal Mg
2+ concentration (Mg2þ
1=2) for self-splicing
activity were n   5.562 (E
WT) and 3.851 (E
DL2.1), Mg2þ
1=2   0:9802ðEWTÞ and 4.987 (E
DL2.1), respectively. For trans-cleavage activity, n   1.723 (E
WT) and 1.528
(EDL2.1), Mg2þ
1=2   2:069ðEWTÞ and 5.171 (E
DL2.1).
Table 1. Co-transcriptional self-splicing of different intron mutants
Self-splicing
P2.1 mutants (based on DL2.1&stem2)
DL2.1&stem2 Yes
DG76-C107 Yes
DC75-G108 Yes
DU74-G109 No
J2.1/3 mutant
G111!U Yes
A112!U Yes
DG111 Yes
DA112 Yes
G111!U, A112!U Yes
DG111 & A112 No
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ﬁrst 2 bp of P2.1 in IE3 introns are highly conserved
(Figure 5A). The sequence conservation in the short P2.1
stem, especially the ﬁrst 2 bp, suggests its critical role in
the folding of the active structure of IE introns and is consist-
ent with our experimental results of the study of the Candida
intron.
The short P2.1 stem is essential in assembling the
compact ribozyme core
T1 ribonuclease and hydroxyl radical footprinting assays were
then carried out to elucidate the structural function of the P2.1
stem1. Formation of the compact core of a group I intron
requires the assembly of the two independently folded
domains P4–P6 and P3–P9 through extensive tertiary interac-
tions. The known interactions include base triples J3/4:P6 and
J6/7:P4, as well as the L9/P5 tetraloop–receptor interaction
(25,31). Consistent with the model that the P4–P6 and P3–P9
domains are assembled into a compact core in the wild-type
ribozyme, T1 and hydroxyl radical results showed that all
those motifs involved in the core assembly were strongly
protected in the folded structure at the physiological concen-
trations of magnesium (Figure 2).
Although deletion of L2.1 or both L2.1 and the stem2 of
P2.1 produced the requirement for higher concentrations of
magnesium to correctly fold the ribozyme, the ﬁnal folded
ribozyme structure is similar to the wild-type ribozyme
(Figure 4, Supplementary Figures 2 and 3 and Supplementary
Tables 1 and 2, available at Nucleic Acids Research Online).
Nonetheless, the J2.1-P3 region of the mutant ribozymes is
much more protected from the hydroxyl radical cleavage than
is the corresponding region of the wild-type ribozyme, sug-
gesting that the folded structures of the mutant ribozymes are
not identical to the wild-type. Moreover, as reﬂected by the
slope of the sigmoid curve drawn by the Hill equation, the
folding cooperativity (n) of the wild-type and mutant
ribozymes in response to magnesium concentrations showed
obvious difference in a number of regions (Supplementary
Table 2, available at Nucleic Acids Research Online). For
example, folding of J2.1/3-P3 (G111-A116) and a part of
J1/2 and P2 (A19–G22) were much more cooperative in
E
DL2.1 than in the wild-type ribozyme as indicated by hydroxyl
radical cleavage protection, but folding of most other regions
became less cooperative, suggesting that the folding pathways
of these mutant ribozymes might be altered as well.
Surprisingly, the deletion of P2.1 resulted in a very loose
structureeveninthepresenceofupto100mMMg
2+(Figure2,
Supplementary Figures 2 and 3, available at Nucleic Acids
Research Online). In this loosely packed structure, the L9/
P5 tertiary interaction is disrupted as demonstrated by the
lossoftheT1protectioninG308ofL9andthatofthehydroxyl
radical protection at the P5 receptor region. Another striking
feature of the loose E
DP2.1 structure is that the P3–P7 pseudo-
knot lost almost all tertiary interactions with surrounding
helices, as indicated by the lack of hydroxyl radical protection
at this region. In addition, most hydroxyl radical protected
regions in P8 stem, P2 and P6 disappeared. Interestingly,
one of the P5a strand became more protected from hydroxyl
radical attack when P2.1 was not present, suggesting that the
Figure5.TheconservedsequencesandstructuremotifinP3,P6andP2.1pairedregions.Thebaseidentityintheeachpositionofthe‘4bpstem-singleAbulge-stem’
wascalculatedandplottedbytheprogramRNAStructureLogo(www.cbs.dtu.dk/~gorodkin/appl/slogo.html).PleasenotethatthestemafterthesingleAbulgewas
usually 4–6 bp, and only 2 bp were shown for simplicity.
4608 Nucleic Acids Research, 2005, Vol. 33, No. 14folding of this region in the mutant ribozyme was altered.
Strikingly, such a loosely folded core is sufﬁcient for catalyz-
ing the trans-cleavage reaction consisting a one-step transes-
teriﬁcation reaction (Figure 3).
Combining these observations with the catalysis data
(Table 1) and the unpublished data provided by M. Xiao
and Y. Zhang, obtained by footprinting analysis of the struc-
tures of other deletion mutants, we were able to outline the
compact tertiary fold of the wild-type ribozyme (Figure 2B)
and the loosely folded mutant ribozyme EDP2.1 (Figure 2C). In
this model, two sides of the P2.1 stem1 helix makes intimate
contacts with one side of P3 stem and P6 stem, respectively,
tethering the P4–P6 domain with the P3–P9 domain. This
assembly allows P9, P2 and P8 to make intimate contacts
with P5, P5abc and P6, respectively. When the P2.1 stem1
is deleted, the P4–P6 and the P3–P9 domains cannot assemble,
resulting in the disappearance of the tertiary interactions
between P2 and P5abc, P8 and P6, and as well as P5 and
L9. The loss of P2–P5abc and P9–P5 interactions allows
the formation of a new local tertiary interaction between
P5a and P5. As the three-partner interaction of P3–P2.1
stem1–P6 is helical–helical interaction, we named such an
interaction as triple helical interaction. Apparently, this triple
helical interaction bridged by P2.1 is essential in assembling
the compact core structure of the Candida ribozyme. We inter-
pret elimination of intron self-splicing by a 2-base deletion in
J2.1/3 (Table 1), as that the P2.1 is unable to correctly position
the two independent domains with a shorter J2.1/3.
Interestingly, analysis of the alignments and structures of all
211 IE introns revealed the presence of a unique structure
motif ‘4 bp stem-single A bulge-stem’ (30). Strikingly, this
structure motif is highly and exclusively conserved in P2.1, P3
and P6 (Figure 5). As the bulged A is capable of establishing
the A-minor interaction to stabilize the RNA tertiary structure,
the universalandexclusivepresence ofthe ‘4bpstem-single A
bulge-stem’ motif in P3, P6 and P2.1 may suggest a networkof
A-minor interactions among these helices. This observation
supports our ﬁnding that the P3–P2.1–P6 triple helical inter-
action may be established to assemble the compact core of the
Candida ribozyme. However, the presence of the highly con-
served ‘4 bp stem-single A bulge-stem’ in all three helices
involving in the P3–P2.1–P6 triple helical interaction suggests
not only the important role of the A-minor interaction in estab-
lishing the triple helical interaction but also the general pres-
ence of this novel tertiary interaction among IE introns.
DISCUSSION
Novel structural role of the peripheral elements: lessons
from a peripheral element essential for the natural
ribozyme activity
In contrast to the conserved elements, the peripheral elements
of group I introns vary considerably in size, structure and
location (25). However, the universal presence of at least
one peripheral element in all studied group I introns under-
scores the importance of this non-conserved structure (11).
The well-known function of peripheral elements is to sta-
bilize the tertiary structure of group I ribozyme through
peripheral interactions (31,32,40,41). The P2 stem functions
as a spacer in efﬁcient docking of P1 containing the 50 splice
site to the catalytic active site (42).Nevertheless,no peripheral
elements have been reported so far to be absolutely required to
produce the native fold of a group I ribozyme. Here, we
reported that the peripheral element P2.1 is essential in folding
of the compact tertiary structure of the Candida ribozyme that
is required for intron self-splicing. This essential function,
however, is not performed by the terminal loop of P2.1 that
participates in the formation of the P13 tertiary interaction.
Unexpectedly, the very short P2.1 stem linking P2 and P3
performs the essential role, through fostering the triple helical
interaction with both P3 and P6. Although the detailed struc-
tureisnotyetknown,suchaninteractionisabsolutelyrequired
for a compact assembly of the P4–P6 and P3–P9 domains.
High concentrations of magnesium cannot compensate for the
function of the short P2.1 stem1 in assembling the ribozyme
core. Compared with the L9/P5 tetraloop–receptor interaction
linking P4–P6 and P3–P9 domains, the P3–P2.1–P6 triple
helical interaction is obviously more important in that it is
essential for promoting the native ribozyme structure required
for the natural intron activity.
Although some naturally occurring group I introns lack the
P2.1 element, this peripheral element is present in many sub-
groups of group I introns (25,31) and essentially in all group I
introns belonging to the IE subgroups (30). Furthermore, the
sequence of the short P2.1 stem is highly conserved in IE
subgroup, supporting the possible universal role of the triple
helical interaction in folding of IE introns.
A picture has emerged from the present study and many
previous studies to depict the function of peripheral elements
in assisting the ribozyme folding, in which the diverse struc-
tural motifs of peripheral elements encode a large variety of
tertiary interactions unique to different group I introns
(18–20,30,31,43,44). Difference in peripheral interactions
also characterizes different folding pathways (28,29,45,46).
Group I self-splicing requires a compact folded core:
interpretation of the universal presence of the
peripheral elements
Ithas been known for decadesthat group I introns catalyze two
consecutive transesteriﬁcation reactions to accomplish intron
excision and exon ligation (21). Although the catalytic mecha-
nism is somewhat different, the splicing ofgroup II introns and
nuclear introns also occurs via two sequential transesteriﬁca-
tion reactions (4). However, the speciﬁc structural components
enabling the precise two-step transesteriﬁcations are not yet
clear. Trans-acting ribozymes mimicking a one-step trans-
esteriﬁcation are widely used to understand the structure and
function of group I ribozymes (21), but it has not yet been
possible to dissect the ribozyme structure required to catalyze
the one-step reaction and the self-splicing reaction. In this
study, we demonstrated that the loose tertiary structure lacking
a well-assembled core is capable of efﬁciently catalyzing the
one-step transesteriﬁcation reaction but is not able to catalyze
the self-splicing reaction. These results reveal, for the ﬁrst
time, that the compactly assembled core structure of group
I intron is not required for a one-step transesteriﬁcation. Con-
sistent with this ﬁnding, a td intron-derived ribozyme lacking
the P4–P6 domain was reported to catalyze two independent
transesteriﬁcation reactions at both 50 and 30 splice sites, but is
not capable of self-splicing (47). Therefore, we propose that
Nucleic Acids Research, 2005, Vol. 33, No. 14 4609group I introns acquire the compact core structure to meet the
challenge of the precise and efﬁcient self-splicing requiring
two consecutive and intimately linked transesteriﬁcations.
Asdiscussedearlier, mostofthestudiedperipheralelements
display a function in stabilizing or organizing the compact
tertiary structure of group I introns. Although this function
in stabilizing the ribozyme core is replaceable by magnesium
in many cases, such a function might be essential for the
ribozyme activity in living cells where the magnesium con-
centrations are usually lower than the levels needed to replace
the requirementfortheseperipheralelements (33).Theﬁnding
that the compact folded structure is required for intron
self-splicing offers an attractive explanation of the universal
presence of peripheral elements, i.e. the peripheral elements
establishing various tertiary interactions to stabilize and/or
assemble the ordered ribozyme core to enable the intron splic-
ing in the cellular environment.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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